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CATALYTIC COMBUSTION SYSTEM AND METHOD 

FIELD OF THE INVENTION 

5 The invention relates in general to turbine engines and, more particularly, to 

turbine engines having catalytic combustion systems. 

BACKGROUND OF THE INVENTION 

10 Turbine engines can include a variety of systems to minimize undesired 

emissions, such as oxides of nitrogen (NOx) and carbon monoxide (CO), generated 
during combustion. For example, some turbine engines use catalytic combustors to 
reduce the generation of NOx because catalytic combustion occurs at temperatures 
well below the temperatures necessary for NOx production (above about 2700 

15 degrees Fahrenheit). Catalytic combustion can occur at temperatures up to about 
1000 degrees Fahrenheit to about 1400 degrees Fahrenheit. In contrast, 
conventional combustion temperatures can range from about 2500 to about 2900 
degrees Fahrenheit. 

20 While successful in combating NOx emissions, catalytic combustors can 

result in higher CO output from the engine, even at desired operating points such as 
base load. The increase in CO levels can be partly attributed to the lack of flame 
propagation in the relatively laminar or quiescent flow exiting the catalytic modules. 
The higher CO emissions are also a symptom of the relatively cold temperatures at 

25 ~ which catalytic combustion occurs: The amount of time needed for CO burnout is 
largely a function of temperature. Because the temperature of the catalytic 
combustion reaction is relatively low, catalytic systems typically need more time to 
burn the CO. The longer burnout time in turn requires a t combustion system having a 
sufficiently long travel path for the combustion gases to provide the requisite time for 

30 burnout before the gases leave the combustion system; however, due to packaging 
issues and economic feasibility, many engines cannot accommodate extra physical 
length. Thus, burnout takes longer than the distance (and travel time) available. 
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Further, once they impinge on the first row of vanes in the turbine section, the 
combustion gases are quenched to about 400 degrees Fahrenheit, below the 
temperature needed to achieve CO burnout. Consequently, the unburned CO is 
passed in the engine exhaust. 

5 

The above problems can arise in almost any type of catalytic combustor 
system, including both lean and rich catalytic systems. Thus, there is a need for a 
turbine engine having a catalytic combustor system that is configured to reduce CO 
emissions. 

10 

SUMMARY OF THE INVENTION 

Thus, one object according to aspects of the present invention is to provide a 
catalytic combustion system that can reduce CO emissions. Another object 

15 according to aspects of the present invention is to provide a catalytic combustion 

system configured to shorten flame lengths. Still another object according to aspects 
of the invention is to provide a catalytic combustion system that allows for the tuning 
of the shape of the flame so as to optimize system performance. Yet another object 
according to aspects:of the iriven of catalytic combustion 

20 systems in connection a variety of turbine combustor systems. These and other 
objects according to aspects of the present invention "are addressed Below. 

In one respect, aspects of the invention relate to a catalytic combustor system 
for a turbine engine. The system includes at least one pilot nozzle, at least one 
25__catalytic„module and at least one^yprtex ff^ming device. In one embodjment, the at 
least one catalytic module can substantially peripherally surround the pilot nozzle. 
Alternatively, the at least one pilot nozzle can substantially peripherally surrounds 
the catalytic module. 

30 The at least one pilot nozzle provides a first flow exiting the pilot nozzle. The 

at least one catalytic module provides a second flow exiting the plurality of catalytic 
modules. At least a portion of the second flow is substantially adjacent to at least a 
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portion of the first flow. The at least one vortex forming device is positioned 
substantially within the path of the second flow. Thus, at least one vortex is formed 
in at least a portion of the second flow so as to cause at least a portion of the first 
flow to mix with at least a portion of the second flow. The first flow can be at least 
5 partially reacted, and the second flow can be partially reacted. Further, the second 
flow can be substantially laminar prior to encountering the vortex forming device. 

The at least one vortex forming device can be a mixer, swirler or vortex 
generator. In one embodiment, the at least one vortex forming device can be 
positioned substantially adjacent to the exit of the at least one catalytic module. In 
another embodiment, the at least one vortex forming device can be positioned 
downstream of the at least one catalytic module. The at least one vortex forming 
device can include a plurality of surfaces. Each of the plurality of surfaces can be 
substantially oblique to the path of the second flow. In one embodiment, there can 
be at least two vortex formation devices. In such case, the at least two vortex 
formation devices can be different from each other. Thus, the combustion flame can 
be shaped according to the particular vortex formation devices selected. 

In another respect, aspects of the invention relate to a method for reducing 
CO emissions in a catalytic combustor for a turbine engine. According to this 
method, a turbine engine is provided having a catalytic combustor system, which 
includes a catalytic combustor with at least one pilot nozzle and at least one catalytic 
module. A first mixture of fuel and air is passed through the at least one catalytic 
module such that a catalyst is introduced to the first mixture. The catalyst 
commences a combustion reaction with the mixture. The flow exiting each of the - - 
catalytic modules forms a catalytic flow stream having a catalytic temperature. 

A second mixture of fuel and air is passed through the pilot nozzle such that 
at least a portion of the second mixture is ignited. The flow exiting the pilot nozzle 
30 forms a pilot flow stream having a pilot temperature. The pilot temperature is greater 
than the catalytic temperature. The pilot flow stream and the catalytic flow stream 
are ducted away from the at least one pilot nozzle and the at least one catalytic 
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module. As they are ducted away, the pilot flow stream and the catalytic flow stream 
remain substantially unmixed. In one instance, the catalytic flow stream can 
substantially peripherally surround the pilot flow stream. 

5 At least one vortex is created in at least a portion of, the catalytic flow stream. 

The at least one vortex in the catalytic flow stream causes at least a portion of the 
pilot flow stream to mix with at least a portion of the catalytic flow stream. 
Consequently, the hotter pilot flow stream accelerates the burnout reaction in the 
catalytic flow stream and further shortens the combustion flame length so as to 
10 reduce carbon monoxide emissions from the turbine engine. 

The at least one vortex can be created by providing a vortex forming device 
that is positioned substantially within the catalytic flow stream. In one embodiment, 
the at least one vortex forming device is provided substantially at the exit of at least 
15 one of the catalytic modules. The at least one vortex can be created by one of 
vortex generators, mixers, or swirlers. When it mixes with at least a portion of the 
pilot flow stream, the catalytic flow stream can be partially reacted. Further, the pilot 
flow stream can be at least partially reacted when it mixes with at least a portion of 
the catalytic flow stream. 

20 

The step of creating at least one vortex includes imparting bulk motion in the 
catalytic flow stream. In one embodiment, at least a first vortex and a second vortex 
are formed within the catalytic flow stream, the first vortex being substantially 
different from the second vortex. Thus, the vortices can be used to selectively shape 
25 the combustion flame: — - 

In yet another respect, aspects of the invention relate to a catalytic 
combustion method for a turbine engine. According to this method, a substantially 
laminar catalytic flow stream is provided. The catalytic flow stream has a catalytic 
30 temperature. The catalytic flow stream is partially reacted by a catalyst in the 
catalytic flow stream. 
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An at least partially reacted pilot flow stream at a pilot temperature is 
provided. The pilot temperature is greater than the catalytic temperature. At least a 
portion of the pilot flow stream travels substantially adjacent to at least a portion of 
the catalytic flow stream. The catalytic and pilot flow streams remain substantially 
unmixed. Secondary motion is generated in at least a portion of the catalytic flow 
stream such that at least a portion of the catalytic flow stream mixes with at least a 
portion of the pilot flow stream. As a result, the hotter pilot flow stream accelerates 
the burnout reaction in the catalytic flow stream and further shortens the combustion 
flame length so as to reduce carbon monoxide emissions from the turbine engine. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an isometric view of a catalytic combustor system according to 
aspects of the invention. 

FIG. 2 is an isometric view of a lobe mixer according to aspects of the 
invention. 
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

Aspects of the present invention relate to catalytic combustion systems and 
methods for reducing CO emissions in turbine engines having catalytic combustion 
5 systems. Embodiments according to aspects of the invention are shown in FIGS. 1- 
2, but the present invention is not limited to the illustrated structure or application. 
Further, the following detailed description is intended only as exemplary. 

A catalytic turbine engine generally has a compressor section, a catalytic 
10 combustor section and a turbine section. One example of a catalytic combustor 
system 10 according to aspects of the invention is shown in FIG. 1 . The basic 
configuration of the combustor 10 can include a pilot 12 peripherally surrounded by a 
plurality of catalytic modules 14. In one embodiment, there can be at least six 
catalytic modules 14 surrounding the pilot 12, which can have an associated nozzle 
15 13. However, there are many alternative combustor configurations. For example, a 
pilot can be peripherally surrounded by a single catalytic module such as a 
honeycomb type module (not shown). Alternatively, at least one catalytic module 
can be peripherally surrounded by one or more pilots (not shown). Other 
arrangements are possible as will be appreciated by one skilled in the art. 

20 

Compressed air from the compressor section of the engine is mixed with fuel 
and is routed to the combustor section 10. A portion of the air/fuel mixture can flow 
into the catalytic modules 14 and another portion of the air/fuel mixture can flow into 
the pilot 12. There are a variety of ways in which the air/fuel mixture can be delivered 
25 td each of these portions of the combustor 10, and aspects of the invention are not 
limited to any particular manner of delivery. In addition, the air/fuel mixture can be 
achieved in numerous ways as the fuel can be added to the compressed air at 
various times, stages and places in the combustor. Aspects of the invention 
encompass all air/fuel mixing techniques and are not limited to any particular system. 

30 

«•■» ■ ' • • ■ ■ ■ 

The portion of the air/fuel mixture flowing into the pilot 12 can be ignited by 

and accelerated through the combustor by the pilot 12. Further, the pilot 12 can 
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provide a flame source at higher loads. A swirler 18 can be provided upstream of 
the pilot exit 19 so that the compressed air and fuel can be thoroughly mixed. 

As noted above, a portion of the compressed air/fuel mixture can be supplied 
5 to the at least one catalytic module 14. The module 14 can provide one or more 
passages through which the mixture can flow. As the mixture flows through the 
module 14, one or more catalysts can be introduced to the mixture by direct injection 
or other techniques. For example, the walls and/or passages of the module 14 can 
be coated with catalyst agents such that the catalysts are imparted onto the passing 
10 flow, as is known in the art. In many respects, the catalytic modules 14 act like pre- 
igniters as they begin the reaction, but most of the oxidation occurs downstream of 
the module 14. After exiting the catalytic modules 14, the flow can be passed 
through a nozzle 20 at the module exit 14 to avoid the hot gases of the pilot cone 22. 

15 As is typical of catalytic reactors, the catalytic modules 14 tend to laminarize 

the catalytic flow exiting the module 14 and flowing along the inner walls of the liner 
24 and/or transition duct 26. In other words, the modules 14 can remove bulk motion 
from the catalytic flow. Thus, when the catalytic flow finally comes in contact with the 
pilot flow, the flame has to burn slowly across the flow as there is no secondary 

20 motion. This is a slow process as turbulent flame speed is about 10 meters per 

second and is sensitive to mixture strength and the entire residence time of the flow 
in the transition is about 10 milliseconds. Because of size limitations on the length of 
the transition 26 and with the mixture strengths desired for emission reasons, 
burnout before the exit of the transition 26 is difficult to achieve. As a result, CO 

25 levels are high even at base load and rapidly become worse at lower loads. 

Aspects of the invention relate to the placement of one or more vortex forming 
devices 40 substantially within a least a portion of the catalytic flow path. More 
particularly, the vortex forming devices 40 can be positioned substantially at the exit 
30 of each catalytic module or downstream of the exit of each catalytic module. In one 
embodiment, one or more vortex forming devices 40 can be positioned anywhere 
downstream of the catalytic module exit, yet upstream of the main combustion 
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chamber 28. In another embodiment, at least a portion of at least one of the vortex 
formation devices 40 can extend into the main combustion chamber 28 so long as 
the at least one vortex forming device 40 is shielded in some manner from any 
flame. The vortex forming devices 40 can be positioned so as to be completely 
submerged in the path of the flow exiting the catalytic module 14, preferably such 
that the devices 40 cannot be touched by any flame. Regardless of their actual 
position, the vortex formation devices 40 are positioned so as to generate vortices in 
the flow stream exiting at least one of the one or more catalytic modules 14. The 
vortices in the flow path can create a suction effect such that at least a portion of the 
relatively hotter gases from the pilot flow are drawn into the catalyst flow. 

Use of the term vortex herein, such as in connection with a vortex forming 
device 40 or a vortex in the catalytic flow, is merely for convenience and is not 
intended to limit the scope of the invention to only vortices. For example, in addition 
to generating one or more vortices, the vortex formation devices 40 can be used to 
impart any secondary motion or other forces,. such as shear forces, in the catalyst 
flow so as to create turbulence to promote mixing of the partially reacted catalyst 
flow and the at least partially reacted pilot flow downstream of the device 40. 

The temperature of the catalyst flow can be substantially less than the 
temperature of the pilot flow. Due to the mixing of the flows, heat is introduced to the 
catalyst flow and this heat input can accelerate the rate at which the catalytic 
reaction occurs. As a result, the overall flame length of the catalytic flow shortens 
and a greater portion of the CO generated during combustion can be burnt-out. 

The vortex forming devices 40 can be any device that can create vortices in 
the partially reacted catalytic flow downstream of the catalytic modules 14 or any 
device that can disturb the otherwise substantially laminar flow out of the catalytic 
modules 14. For example, the vortex formation devices 40 can be any kind of mixer, 
swirler, or vortex generator. The vortex forming devices 40 can have any of a 
number of features and attributes. Preferably, the vortex forming device 40 is a low 
loss mixer, particularly a low pressure loss mixer. That is, it is preferred if the vortex 
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generation device 40 is efficient in forming turbulence or otherwiseJmparting bulk 
motion in the catalyst flow without causing a substantial or appreciable pressure 
loss. 

5 It is also preferred if the vortex forming device 40 does not have any surfaces 

on which to hold a flame, that is, substantially all of the surfaces are aerodynamically 
smooth and substantially no area is normal to the direction of the flow. In other 
words, the majority of the surfaces of the devices are substantially oblique to the 
direction on the oncoming flow. Such a configuration is preferable in cases of 
10 flashback because the excessive temperatures of the pilot zone 1 9 could destroy the 
vortex formation device 40 and^ possibly the catalytic combustor 10 hardware as well. 
Further, such a configuration diminishes the opportunity for any portion of the flow to 
stagnate near the device 40. 

15 One example of a vortex formation device 40 according to aspects of the 

invention is shown in FIG. 2, which depicts a lobe mixer 42. Substantially all of the 
surfaces 44a,44b,44c,44d,44e of the lobe mixer 42 are substantially oblique to the 
direction of the catalytic flow, except for at least a portion of the front edge surface 
44f. The front edge surface 44f, however, can include a chamfer 46 to diminish the 

20 potential for this surface to hold a flame. 

In non-catalytic combustors, vortex generation devices 40 cannot be placed at 
the exit or otherwise downstream of the combustor because the extremely high 
temperatures would destroy the devices. However, due to the relatively low 
25„ _ temperature of the flow exiting the catalytic modules _14,_vortex generators 40 can. be_ - 
placed substantially within the catalytic flow. Further, catalytic flow temperatures are 
below the melting point of many metals such as Hast-X. Thus, the vortex forming 
devices 40 can be made from any of a number of relatively inexpensive materials. 

30 There can be any number of vortex forming devices 40 associated with each 

individual catalytic module 14. Further, not every catalytic module 14 needs to have 
a vortex forming device 14 associated with it, nor must the same vortex forming 
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devices 40 be used in connection with different modules. The vortex forming 
devices 40 can be a variety of heights. While the devices 40 do not need to be the 
full height of the catalytic module exit, experience has proven that the devices 40 
work especially well when they are about at least 50% of the height of the catalytic 
5 module exit. Any height can be used so long as a vortex is formed so as to draw at 
least a portion of the pilot flow into the catalyst flow and so long as the pilot/catalyst 
flow can expand to scour the surface of the liner and/or transition. The height of the 
vortex formation devices 40 can vary depending on the desired flame length. Thus, 
the shape of the flame can be tailored in accordance with aspects of the invention by 
10 providing different vortex forming devices 40 in the catalyst flow. The vortex 

formation devices 40 can be held in place by any of a number of methods such as by 
fasteners, interference fit, welding, and/or brazing. 

In operation, there are at least two flow paths leaving the catalytic combustor 
15 10 and traveling through the transition duct 26. There is a pilot flow path and a 

catalyst flow path. The catalyst flow path can actually comprise multiple flow paths, 
one path for each catalytic module 14 surrounding the pilot nozzle 12. Flow in the 
catalytic paths generally is substantially laminar and follows the walls of the transition 
26. One or more catalyst flow paths can be substantially peripherally adjacent to 
20 and surround a pilot flowVath. Alternatively, one of -more pilot flow paths can be 
substantially peripherally ; adjacent to and surround a catalyst flow path: While there 
can be some turbulent flow in the pilot flow path due to the swirlers 18 provided in 
the upstream portions of the pilot nozzle 12, there is very little bulk motion in the 
catalytic flow path as discussed above. Thus, there is little mingling of the flow paths 
25- as they travel through the transition 26. ~ ~ 

The temperature of the catalytic flow is substantially less than the temperature 
of the pilot flow. Further, the catalytic flow can contain an air/fuel mixture as well as 
any of a number of catalyst agents. The catalyst flow can be partially reacted. For 
30 example, the amount of flow that is reacted as the flow exiting the catalytic module 
can be about 25%. Similarly, the pilot flow can include an air/fuel mixture that it at 
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least partially reacted. In some areas, portions of the pilot flow may be fully reacted. 
Again, in the case of the pilot flow, the fuel/air mixture is reacted by a pilot flame. 

Placement of vortex generators 40 in the substantially laminar catalyst flow 
5 path can cause a wake or other turbulence in the catalytic flow path such that bulk 
motion in the flow is encouraged. Thus, the walls of the liner and/or transition duct 
can be scavenged. Further, the vortices in the catalytic flow path can result in the 
mixing of the two flow paths. That is, at least one vortex can formed in at least a 
portion of the catalytic flow and sufficiently proximate to the pilot flow so that at least 
10 a portion of the pilot flow is drawn into and mixes with at least a portion of the 

catalytic flow. Because the pilot flow path is hotter than the catalyst flow path, the 
heat input can accelerate burnout reaction. Moreover, the hot pilot gases provide a 
second source of flame. All of the above facilitate CO burnout. 

15 A catalytic combustor system 10 according to aspects of the invention can 

provide several advantages over previous catalytic combustion systems. For 
example, more rapid flame propagation can be experienced in catalytic combustor 
systems 10 according to aspects of the invention. In addition to shortening the flame 
length, aspects of the invention can allow for the tuning of flame length so as to 

20 optimize of emissions, heat transfer and turndown. Further, testing has revealed that 
a catalytic combustor system 10 according to aspects of the invention can 
experience reduced dynamics. 

Aspects of the invention can be applied to a variety of catalytic combustion 
25 systems. For example, aspects of the invention can be applied to rich catalytic 

systems and well asjean catalytic systems. Further, any type of combustor such as 
can, annular and hybrid configurations. It will of course be understood that the 
invention is not limited to the specific details described herein, which are given by 
way of example only, and that various modifications and alterations are possible 
30 within the scope of the invention as defined in the following claims. 
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